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Intra-Beam Scattering (IBS)[1] in the heavy particle machines leads to 
transverse and longitudinal emittance growth hence becomes the major 
effect to be overcome by the electron cooling scheme in RHIC gold beam 
operation to increase the luminosity. 
 
Coulomb scattering of charged particles in a stored beam causes an 
exchange of energies between the transverse and longitudinal oscillations.   
Intra-beam scattering is due to multiple Coulomb scattering, which leads to a 
diffusion in all three directions and changes, first of all, the beam 
dimensions.  
 
To evaluate the effectiveness of RHIC electron cooling the IBS effect must 
be calculated correctly.  In this paper simulations with several available IBS 
codes are compared,  
1) Piwinski and Martini model in BETACOOL by Meshkov group in JINR  
2) Parkhomchuk model in his SIMCOOL code 
3) Jie Wei’s model in his IBS code for RHIC, the formulae are being added 
to the new version of BETACOOL. 
 
 
 
 
 
 
 



Introduction  
 
Intra-Beam Scattering can cause emittance growth in all dimensions and 
limit and performance in hadron even lepton machines.  To evaluate IBS 
effect, different models and numerical methods are developed by 
Piwinski[1], Bjorken and Mtingwa[2], Martini[3], Parzen[4], Wei[5], 
Parkhomchuk[6] and others.           
 
RHIC(Relativistic Heavy Ion Collider) is a double-ring collider that can 
operate colliding proton and ion beams at very high energy(250GeV for 
proton and 100GeV/nucleon for ion).  

 
Table 1, Nominal RHIC ion beam parameters used in the IBS simulations 

 
Charge 79 

Atomic number 197 
Energy 100 GeV/nucleon 
Gamma 107.5 

Bunched/coasting Bunched 
Number of ion/bunch 1×109 

Initial beam emittance(95%) 15 π .mm.mrad 
Initial bunch length (rms) 30 cm 

Initial energy spread 1×10-3 

Transverse coupling Full coupling 
 
The simulations described in this report will be carried out with above RHIC 
parameters.   In some codes in which different conventions are adopted the 
conversions are made to ensure that the same physical parameters are meant. 
 
Below the IBS models in three major computer simulation codes are briefly 
mentioned.  The detailed comments on those analytical or semi-analytical 
models are beyond scope of this paper.   
 
 
1, IBS models in BETACOOL(Martini and Piwinski model) 
 
BETACOOL[7] is comprehensive simulation code developed in JINR(Joint 
Institute of Nuclear Research, Russia) that is able to calculate many physical 
phenomena in the storage rings, including  



a) Intra-Beam Scattering 
b) Electron cooling 
c) Stochastic cooling 
d) Scattering on residual gas 
e) Other heating process 
f) Injection 
g) Interaction with internal target, etc.   

Two well-known models, the Piwinski model[1] and Martini model[3] are 
adopted in IBS calculations in BETACOOL.   The latter option in the 
BETACOOL requires the lattice functions along the ring. In our calculation  
the RHIC FODO structures are included which is a good approximation.       
 
1.1 Rate with different simulation steps in BETACOOL 
 

First we try to determine the right number of iteration steps for accurate 
calculations in a reasonable time period. Generally speaking, Piwinski model 
in BETACOOL is simpler hence it takes much less time. In the comparison 
below, we choose the number of steps as 1000. 
 

Table 2, Determine the steps of Piwinski model option 
Piwinski model (x/y/s) Steps 
2.2E-6/-3.4E-8/9.9E-7 100 
2.2E-6/-3.8E-8/9.6E-7 1000 
2.2E-6/-3.8E-8/9.6E-7 10000 

 

Martini model takes into account the RHIC beam optics. The fact that RHIC 
is a large machine with thousands of elements results in the much longer 
computing time for its IBS calculations.  In the comparison below, we 
choose the number of steps as 100.  

 

Table 3, Determine the steps of Martini model option 
Martini model (x/y/s)(coupled) Steps 

5.0E-5/5E-5/6.8E-5 10 
7.9E-5/7.9E-5/9.7E-5 100 
8.1E-5/8.1E-5/9.9E-5 500 

 

1.2 Comparison of with Piwinski and Mardini model in BETACOOL 
 

The comparison is made and the significant discrepancy is found between 
the results from two major models in the BETACOOL code.  



Table 4, Initial IBS Rate under typical RHIC parameters   
 

Bunch L Piwinski model (x/y/s) Steps Martini model (x/y/s) Steps 
20cm 3.3E-6/-5.8E-8/1.5E-6 1000 2.4E-4/-3.7E-6/1.5E-5 100 
30cm 2.2E-6/-3.8E-8/9.6E-7 1000 7.9E-5/-7.9E-5/9.7E-5 100 

    60cm 1.1E-6/-1.9E-8/4.9E-7 1000 8.1E-5/-1.3E-6/4.9E-5 100 
100cm 6.4E-7/-1.1E-8/2.9E-7 1000 4.8E-5/-7.3E-7/2.9E-5 100 

  

From Table 4 one can see that the discrepancy is so large that one of two 
models must be wrong. The experiments show that the growth time for 
RHIC ion beams due to the Intra-Beam Scattering effect is within the order 
of hours. As the result the Piwinski model that is far away in this case is not 
chosen for the comparison below.   
 
 
 
2, Jie Wei’s formulae and code  
 

In reference[5], formulae are derived under certain assumptions to improve 
the accuracy and the speed of the calculation. The formulae take into 
account the ring optics and treat the issue in high energy and low energy in 
different ways. Those formulae are developed in BNL and aiming at the use 
on the RHIC.  The bunch-marking and comparison with experiments are 
performed.  So this model is considered promising for the IBS and cooling 
evaluations for RHIC.   Now this code is a stand-alone program and is being 
included into the BETACOOL code.   The growth times from intra-beam 
scattering are computed for the case of FODO cells only, which is a good 
approximation for the RHIC.  
 
The rise times in transverse dimension are given as 
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The longitudinal rise time is  
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where longσ  denotes the longitudinal rms bunch length, t time, Z and A 
charge and mass number of the ions respectively,  Nb the number od 
particles in the bunch, r0 is the classical electron radius, Lc is the logarithm,  
β  and γ  the relativistic factors, c the speed of light. xε , yε , zε  are the 
normalized transverse and longitudinal rms emittances.  
 
In case the vertical dispersion can be neglected, one has  
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where Dx is the horizontal dispersion, pyx ,,σ the transverse and momentum 
rms beam sizes repectively, and yx,β  the transverse β -functions.  
The χ  is defined by  

χ
χχχ

−
−+

=
1

3)()21()( IF  

with 
 





















<
−

−

≥
−

−
=

1,1arctan
)1(

1

1,1arctan
)1(

1

)(
χ

χ
χ

χχ

χ
χ

χ
χχχ

h
I  

 
Figure 1 and Figure 2 give the typical results of IBS calculations for RHIC 
with Jie Wei’s code.  Figure 1 shows the transverse emittance evolution with 
different particle numbers per bunch. Figure 2 is about the bunch length vs. 
time. 



IBS Calculation by IBS-JW
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Figure 1 

 

IBS Calculation by IBS-JW
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Figure 2 
 



3, The benchmarking of Jie-Wei’s code with experiments on RHIC 
 
In reference[8] a comparison between simulation with Jie Wei’s code and 
some preliminary experiments in RHIC machine is made.   The observations 
are  

1) Transverse emittance,  experiment shows a faster growth than that in  
simulation. However there are still some uncertainties in the 
measurements.  Several factors may affect the experimental results.    

2) Longitudinal dimension, good agreement is seen between the 
simulation and the experiment. 

Up to now, most experiments are performed in relatively short time periods 
and with colliding beams. Further experiments are being planned to get a 
better understanding on the IBS issue in the RHIC. 

 
 
 

4, Parkhomchuk’s model in SIMCOOL 
 
SIMCOOL is a fast code written by V. Parkhomchuk to calculate the IBS 
and electron cooling effect.   The IBS simulation in SIMCOOL is based on a 
semi-phenomenological model introduced by Parkhomchuk[6].   
The definition of rise time in the SIMCOOL   
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The semi-phenomenological model is made as  
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where longσ  denotes the longitudinal rms bunch length, t time, Z  charge  
number of the ions, Ni the number of particles in the bunch, r0 is the classical 
electron radius, Lnibs is the logarithm(chosen as 10 in the code), β  and γ  the 
relativistic factors, c the speed of light. ⊥ε , is the normalized transverse rms 
emittance.  
 



The model was assumed to work with a simple uniform(square) particle 
distribution in a bunch.  In SIMCOOL the particle distribution in the ion or 
proton bunch may vary significantly during the simulation due to the IBS or 
electron cooling effects. The tails can develop therefore the applicability of 
the IBS model becomes questionable.   In order to avoid this problem the 
FWHM(Full Width Half Maximum) is adopted as the measure of the change 
of bunch dimensions in our SIMCOOL simulation.     
 
 
4, Comparison of simulations with 3 major IBS models 
 
Calculations for the comparison are done with three models, say, Martini 
model option in the BETACOOL, Parkhomchuk’s model in the SIMCOOL, 
the Jie Wei’s model.    The same set of RHIC parameters are used.  The time 
period is chosen as 5 hours.   The figure 3,4,5  
 
 

Comparison of RHIC IBS Calculations 
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Figure 3 

 



Comparison of RHIC IBS calculations
by BETACOOL(Martini model)
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Figure 4 

 

Comparison of RHIC IBS Calculations
by BETACOOL(Martini model)
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Figure 5 
 



Summary 
 
The simulations show that  
 

1) transverse emittance growth 
Jie Wei’s code gives the most pessimistic result, which is closer to the 
available experimental data so far.  SIMCOOL gives the most optimistic 
results while BETACOOL(Martini model) is in between.  The difference 
in transverse emittance after 5 hours is about 25%~30%. 
 
2) Longitudinal aspect(bunch length and energy spread) 
BETACOOL(Martini model) predicts a little bit worse results than Jie 
Wei’s code does. However the difference is not significant.   

Bunch length:  the difference after 5 hours is about 4%. 
Momentum spread: the difference after 5 hours is about 6%. 

SIMCOOL does not include the synchrotron motion therefore no bunch 
length change is calculated while simulation. 
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